The advantages of photon counting over charge integration, for medical X-ray imaging, are known. Yet the realization is hindered by technical and economical factors. The question that we try to answer is: what does it take to make a photon counting X-ray sensor?
1
Introduction Present state of the art medical X-ray imagers are all of the charge integrating type. Although in theory photon counting is the superior technique, photon counting X-ray imagers appeared only in a few high-end high added value applications. The key reason for that is that photon counting pixels and detectors are significantly more complex and expensive than integrating detectors. The questions that we try address in this paper are: is it worthwhile to pursue photon counting in medical X-ray, and what does it take to make a photon counting medical X-ray sensor?
CERN [1] [2] pioneered the possibility of monolithic Si photon/particle counting pixel detectors in nuclear physics, for high energy particles, under which also gamma and X-rays. For applications in medical X-ray one needs to use heavy detector materials, thus leading to direct detectors [3] [4] [5] [6] [7] or indirect detectors (scintillators). Hybridization of heavy direct detectors on Silicon poses the question of commercial viability of such devices. Manufacturable solutions may require direct detectors that can be deposited in a layers as amorphous Se, or as sheets as many indirect detectors or scintillators.
2
The Physics of detection
Direct and Indirect X-ray detection

X photon >100V
Si charge sensitive amplifier This primary electron has a considerable kinetic energy, which it looses by creating a trace of secondary electron-hole pairs. In a direct detector, one collects these electrons (or holes, depending on the applied polarity of the field) by an electrical contact to a charge sensitive amplifier in a ROIC (readout IC) underneath the detector. In an indirect detector, the secondary electrons decay back to their ground state, thereby emitting visible photons in random directions ("fluorescence"). Photons may be absorbed by the photodiode in the ROIC underneath the scintillator, and create there ternary electron-hole pairs that are sensed by the charge sensitive amplifier.
↑Figure 2 Mean free path (≈absorption length) of X-rays vs. photon energy, in the most popular direct detectors (Si, α-Se, CdTe) and scintillators (CsI, Gd2O2S). Also shown is the absorption in water, that is representative for biological tissue. Bi4GeO12 is shown too because this is the most efficiently absorbing scintillator material, consisting of the highest Z element (Bi) and having a high density (7.13 g/cm 3 ).
2.2
Desired detector properties It is clear that indirect detection is much less efficient than direct detection in terms of overall conversion of Xphotons to effectively collected electrons. A medical X-ray detector should be an efficient absorber. This translates to material with high Z-number and high mass density. Figure 3 Collected charge per X-photon, versus X-photon energy, for few of the most relevant direct and indirect detectors. For direct detectors this is a straightforward derivation. For the scintillator based detectors we made the quite optimistic assumption that the system has an overall quantum efficiency of 50%, from fluorescent light emission to charge collection in the visible light photodiode.
A second key performance criterion is the efficiency of conversion of X-photons to secondary (or ternary) electrons that are sensed in the readout circuit. 
3
The advantages of photon counting over charge integrating detectors 3.1 Color X-ray Although spectroscopic, multi-energy or "color" X-ray imaging is possible with classic charge integrating digital detectors [8] [9] [10] [11] , it requires multiple exposures, which may not be acceptable for reason of total dose or motion artifacts. In a photon counting device, each photon can be "weighted" and thus counted per energy range, without a total dose cost.
3.2
Sharpness recovery Information on the coincidence of pulses on neighbor pixels yields the real point of incidence of the X-photon [12] . ←Figure 4 Noise versus signal for X-ray pixels, comparing a charge integrating pixels and a photon counting pixel. Both signal and noise are expressed in "Xphotons". The analog charge integration system is limited by read noise (here equivalent to 3 X-photons) and an overall achievable analog dynamic range (here 3000:1). A photon counting system does not have these limitations if one disregards counter depth limitation and counting speed saturation. [1-7; 12-15] correspond to the scheme in Figure 5 . Pixel pitches (100µm to 500µm) depends on pixel complexity and CMOS technology (0.18µm to 0.8µm). With hybrid direct detectors, the charge packet contains several 1000s of electrons ( Figure 3) . With indirect detection, the pulse shaper becomes a critical part as charge packets are only a few 100 electrons large.
oise
Apart from the inherent, device noise (thermal noise, MOSFET 1/f noise etc.) [14] , a major designer concern is the electromagnetic interference noise, or the feedback of the digital part of the comparators, counters and the multiplexing to the extremely sensitivity pulse shapers [15] .
4.3
Yield Photon counting architectures have significantly more complex pixels than charge integrating solutions. Whereas passive and active pixels have 1 up to 7 transistors per pixel, a digital photon counting pixel has several hundreds [1] [2] [3] [4] [5] [6] [7] , of which the largest part is the digital counter. We expect Si manufacturing yield and circuit design techniques to improve in the medium future to allow such arrays to be manufactured in reasonably large arrays (larger than 1dm 2 ) with good yield.
4.4
Counter speed saturation Counter speed limited by: scintillator decay time, photodiode charge collection time and the readout circuit speed.
